Abstract-A new method for reducing the in-band radar cross-section (RCS) of a patch antenna within its operating frequency is presented. This method is based on the utilization of band-pass frequency selective surface (FSS) consisting of non-resonant constituting elements. The main novelty of this method is that it allows for the use of an FSS structure to reducing the in-band RCS of antennas. To validate the proposed method, a low RCS patch antenna resonating at 5 GHz is designed using this method. The simulated results show that the largest RCS reduction is about 15 dB at 5 GHz. A prototype of the proposed antenna is fabricated and tested in an anechoic chamber, and good agreements between the measured and simulated results are demonstrated.
INTRODUCTION
Radar cross-section (RCS) reduction of antennas has drawn more and more attention with the rapid development of the stealth and anti-stealth technology in recent years. Without specific designing for low RCS, the RCS of an antenna is usually much larger than that of a low-observable platform. That is to say, antenna is one of the main contributions to the whole RCS of the low-observable platform. As a result, it has received high priority in the design of all stealth platforms [1] .
Antenna RCS is distinctly different for frequencies in the operating band as compared to those out of the operating band. Thus, effective control of antenna RCS must address the in-band and out-of-band frequencies separately. It is well known that frequency selective surfaces (FSSs), both band-pass and band-stop FSSs, are widely used for out-of band RCS reduction of antennas. A suitable shaped bandpass radome placed in front of the antenna [2] [3] [4] or used as the metallic ground of the patch antenna [5] can significantly reduce the out-of-band RCS of any antenna. Besides, the band-stop FSS can be used as backing reflector to reduce the out-of-band RCS [6] . Radar absorber material (RAM) can absorb the electromagnetic wave and convert the energy into heat over a wide frequency band [7] [8] [9] . However, methods those are effective out of the operating band will impact the radiating performance of the antenna when they are simply used to reduce the RCS of the antenna within its operating frequency band. Furthermore, the radome, which is indispensable in practice, will influence the effect of RCS reduction when the FSSs are used as the ground of the antenna.
For in-band RCS reduction, shape modification and the use of high impedance surface (HIS) are two effective methods. By cutting off the metallic area of the antenna where the current amplitude is small when it radiates, the antenna can achieve a low RCS while maintaining a good radiation performance [10] [11] [12] . The HIS takes advantage of its zero reflect phase to cancel out the reflection waves from the perfect electric conductor (PEC) of the antenna [13, 14] . However, the gain of the antenna will decrease.
The aim of this paper is to provide a new method to reduce the in-band RCS of antenna using band-pass FSS with non-resonant constituting elements. If we regard the upper layer of the FSS as the radome, this method also opens the way for designing low RCS antenna integrating with the radome using FSS. A patch antenna is used as a test case to illustrate this strategy. The design procedure of the low RCS antenna integrated with FSS is presented in Section 2. Then, we study the performance of the proposed antenna in Section 3 with simulated and measured results. Finally, the paper is concluded in Section 4.
DESIGN PROCEDURE OF THE PROPOSED ANTENNA

Design Strategy of the Antenna with Low RCS in Its Working Frequency Band
To validate the effect of this method, a common patch antenna working at 5 GHz is chosen as a reference antenna. The geometry of the reference antenna is shown in Fig. 1 . The antenna is printed on a substrate with a permittivity of 2.65 and a thickness of 2 mm. In order to achieve a low RCS antenna in its operating band, we need to design a band-pass FSS whose resonance frequency band covers the operating band of the antenna. However, a band-pass FSS with one layer used as the metallic ground of a patch antenna will definitely deteriorate the radiation performance of the antenna. To tackle this problem, a two-layer band-pass FSS with non-resonant constituting elements is designed. The two layers of the periodic structures are separated by an air-gap. One layer of the periodic structure acts as a superstrate and the other layer of the periodic structure is printed on the same dielectric substrate of the patch antenna working as a ground plane. Because the constituting elements of the band-pass FSS are non-resonant, both periodic structures demonstrate a low transmission coefficient in the antenna operating frequency band. So the patch antenna and the FSS structure form a Febry-Peror (F-P) [15, 16] cavity to maintain a good radiation performance.
Design of Band-pass FSS with Non-Resonant Constituting Elements
The three-dimensional (3-D) topology and side view of the proposed band-pass FSS is shown in Fig. 2 . The FSS consists of two layers of periodic structures separated by an air gap. The upper layer is made up of a periodic array of metallic patches backed by a dielectric substrate. The lower layer is composed of a wire mesh and periodic array of metallic patches printed on each side of a dielectric substrate. The design procedure of the FSS with non-resonant elements is presented in detail in [17] . The main aim of this paper is to provide a method to design a low RCS antenna, so we give the final structure of the FSS without the discussion of the equivalent circuit. Fig. 3 shows the unit cell of the band-pass FSS. The permittivity of both the upper and lower substrates is 2.65. Other parameters are as follows: p = 10 mm, w = 9.4 mm, g = 0.2 mm, t 1 = 2 mm, t 2 = 0.5 mm, and t 3 = 2 mm. The simulated frequency responses of the proposed band-pass FSS for TE-and TM-polarizations at different incident angles are given in Fig. 4 and Fig. 5 , respectively. The frequency response is reasonably stable at 5 GHz for both TE-and TM-polarizations up to 45 • . When the incident wave is oblique, the electric fields of TE and TM waves are different for the FSS. As a result, the responses of the FSS for TE and TM waves are different. The reflection coefficients of the two layers of the FSS are shown in Fig. 6 . It can be seen that both reflection coefficients are relatively large. Therefore, when the lower layer of the FSS works as the ground plane of the patch antenna, the decrease of the gain is small. Moreover, the gain decrease will be compensated by the upper layer of the FSS working as a superstrate. Figure 7 shows the geometry of the proposed low RCS antenna. The length of the ground of the proposed antenna is the same as that of the reference antenna. As described above, the upper layer of the FSS works as a superstrate. The wire mesh of the lower layer is printed on the same side with the radiation patch of the antenna and the capacitive patches are printed on the other side of the dielectric substrate. The parameters of the FSS structure integrated with the patch antenna are the same as that demonstrated in Fig. 3 . The patch antenna together with the FSS structure forms an F-P cavity. RCS reduction of the antenna is our first target. Therefore, the air gap between the superstrate and antenna patch cannot be changed since the structure of the designed FSS should not be destroyed. As a result, the RCS of the proposed antenna will be reduced significantly while the gain improvement is small. Comparison between the S 11 parameter of the reference and proposed antennas.
Geometry of the Low RCS Antenna
RESULTS
To validate the simulated results, the antennas are fabricated and measured. Fig. 8 gives a photograph of the proposed antenna measured in the anechoic chamber. Figure 9 shows the comparison of S 11 parameters between the proposed and reference antennas. It can be seen that the measured and simulated results are in good agreement. The simulated and measured radiation patterns of the two antennas are given in Fig. 10 . The gain of the proposed antenna is 0.2 dB higher than that of the reference antenna. The back lobe of the proposed antenna is larger than that of the reference antenna. The reason is that the ground is not working as a PEC at 5 GHz as shown in Fig. 6 . The reflection coefficient is −1.75 dB so that some of the energy is radiated to the backward direction. Furthermore, the multiple reflections caused by the F-P cavity structure contribute to the large back lobe as well. The simulated monostatic RCS of the proposed and reference antennas for a normally impinging incident plane wave are given in Fig. 11 . It can be seen that the largest RCS reduction is about 15 dB at 5 GHz. As shown in Fig. 12 , the RCS of the proposed antenna with oblique incident wave in xoz-plane is investigated. The RCS of the proposed antenna is lower than that of the traditional patch antenna in the angle range of ±45 • . Frequency RCS reduction Ref. [18] 10.52 GHz 12.7 dB Ref. [19] 6.02 GHz 8 dB Ref. [20] 4.4 GHz 10 dB Proposed antenna 5 GHz 15 dB Table 1 presents the in-band RCS reduction comparison between our proposed low RCS antenna and those in the previously reported works [18] [19] [20] . It can be seen that the proposed antenna has a good characteristic of low RCS.
CONCLUSION
In this paper, a band-pass FSS consisting of non-resonant constituting elements is used to reduce the in-band RCS of a patch antenna. The results show that the utilization of a band-pass FSS with nonresonant constituting elements is an efficient method for in-band RCS reduction of a patch antenna. The RCS reduction in the operating band of the proposed antenna is as much as 15 dB compared with that of the reference antenna while obtaining a gain improvement of 0.2 dB gain. So the proposed antenna provides a good method to reduce the in-band RCS of the antenna while achieving the gain enhancement. It also provides a method for designing low RCS antenna integrating with radome using FSS when we treat the upper layer of the FSS as a radome.
